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In the developing Drosophila optic lobe, cell death occurs via apoptosis and in a distinctive spatio-
temporal pattern of dying cell clusters. We analyzed the role of effector caspases drICE and dcp-1 in optic
lobe cell death and subsequent corpse clearance using mutants. Neurons in many clusters required either
drICE or dcp-1 and each one is sufﬁcient. This suggests that drICE and dcp-1 function in cell death re-
dundantly. However, dying neurons in a few clusters strictly required drICE but not dcp-1, but required
drICE and dcp-1 when drICE activity was reduced via hypomorphic mutation. In addition, analysis of the
mutants suggests an important role of effecter caspases in corpse clearance. In both null and hypo-
morphic drICE mutants, greater number of TUNEL-positive cells were observed than in wild type, and
many TUNEL-positive cells remained until later stages. Lysotracker staining showed that there was a
defect in corpse clearance in these mutants. All the results suggested that drICE plays an important role in
activating corpse clearance in dying cells, and that an additional function of effector caspases is required
for the activation of corpse clearance as well as that for carrying out cell death.
& 2015 Elsevier Inc. All rights reserved.1. Introduction
In the developing central nervous system, an excess of neurons
is produced, then superﬂuous ones are removed by cell death and
the others build mature neural circuits (Sanes et al., 2012; Dekkers
et al., 2013). Gaining a better understanding of the mechanism
that controls neuronal cell death is important for understanding
brain development.
The Drosophila adult optic lobe is composed of four neuropils,
the lamina, medulla, lobula and lobula plate, and surrounding
cortices. It develops during late larval to pupal stages (Mei-
nertzhagen and Hanson, 1993; Fischbach and Hiesinger, 2008). The
lamina neurons differentiate from precursor cells on the lateral
side of the outer optic anlage (OOA), receiving signals from the
photoreceptor axons (Selleck and Steller, 1991; Selleck et al., 1992;
Huang and Kunes, 1996; Huang et al., 1998; Umetsu et al., 2006).
The medulla neurons differentiate from neuroblasts in the medial
side of the OOA under the control of several signaling pathways
and transcription factors (Yasugi et al., 2008, 2010; Egger et al.,
2010; Ngo et al., 2010; Wang et al., 2011a, 2011b; Hasegawa et al.,
2013; Suzuki et al., 2013; Sato et al., 2013). T2/T3/C neurons and).lobula plate neurons are derived from the inner optic anlage.
In the Drosophila optic lobe, many cells die during development
(Fischbach and Technau, 1984; Togane et al., 2012). The cell death
begins to be evident after the onset of metamorphosis (Togane
et al., 2012). The number of TUNEL-positive cells detected then
increases, reaches a peak at 24 h APF, and decreases by 48 h APF.
The TUNEL-positive cells appear in a distinctive pattern of clusters
in the cortices, and this distribution changes as development
proceeds. The cell death appears to be induced via ecdysone-de-
pendent and ecdysone-independent mechanisms (Hara et al.,
2013). The cell death occurs via apoptosis (Togane et al., 2012), but
the molecular mechanisms have not been deﬁned.
The canonical cell death cascade in Drosophila involves three
proapoptotic proteins, Rpr, Hid and Grim; an inhibitory protein,
Diap1; an initiator caspase, Dronc; an adaptor protein, Dark; and
effector caspases, DrICE and Dcp-1 (reviewed by Xu et al. (2009)).
Following a death signal, expression of the proapoptotic genes rpr,
hid and/or grim is induced. The Rpr, Hid and Grim proteins then
inhibit Diap1, which would otherwise inhibit the activation of
caspases via direct binding. Once inhibition by Diap1 is relieved,
Dronc multimerizes, via the intervention of Dark, and auto-
activates. DrICE is then activated by Dronc, resulting in cell death.
Based on the genomic sequences, four candidates of effector cas-
pases, drICE, dcp-1, decay and damm were identiﬁed. However,
previous studies showed that drICE and dcp-1 are speciﬁcally
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et al., 2006; Xu et al., 2009). drICE is required in most tissues in
which cell death has been investigated, including interommatidial
cells in developing compound eyes, midline glia in embryos and
X-irradiated wing imaginal disks. dcp-1 is speciﬁcally required for
cell death in the ovary following starvation.
In this study, we analyzed the role of effector caspases drICE
and dcp-1 in the optic lobe cell death and subsequent corpse
clearance using mutants. Neurons in many clusters required either
drICE or dcp-1 and each one is sufﬁcient. This suggests that drICE
and dcp-1 function in cell death redundantly. However, dying
neurons in a few clusters strictly required drICE but not dcp-1, but
required function of both genes when drICE activity was reduced
via hypomorphic mutation. In addition, analysis of the mutants
suggests an important role of effecter caspases in corpse clearance.
In both null and hypomorphic drICE mutants, greater number of
TUNEL-positive cells were observed than in wild type, and many
TUNEL-positive cells remained until later stages. Lysotracker
staining showed that there was a defect in copse clearance in these
mutants. All the results suggested that drICE plays an important
role in activating corpse clearance in dying cells, and that an ad-
ditional function of effector caspases is required for the activation
of corpse clearance as well as that for carrying out cell death.Table 1
Names of dying cell clusters in the developing optic lobe.
Region Cluster Explanations for clusters
Lamina LAD Lamina anterior dying cells
LPD Lamina posterior dying cells
Lamina–medulla boundary MALD Medulla anterolateral dying cells
LUD Lamina underlying dying cells
LMBD Lamina–medulla boundary dying cells
Anterior MCLD Medulla cortex lateral dying cells
MCD Medulla cortex dying cells
MAMD Medulla anteromedial dying cells
MCMD Medulla cortex medial dying cells
Posterior MPLD Medulla posterolateral dying cells
TCD T2/T3/C neuron dying cells
PMCD Posterior medulla cortex dying cells
LopD Lobula plate dying cells
PMD Posteromedial dying cells2. Materials and methods
2.1. Fly strains
Canton-Special (CS) was used as the wild-type strain. Mutants
of drICE (Ice, drosophila interleukin-1β-converting enzyme) and
dcp-1 (Death caspase-1) were used in the analysis of effector cas-
pases. We used two mutant alleles of drICE, drICEΔ1 (Muro et al.,
2006) and drICE17 (Xu et al., 2006). In drICEΔ1 the coding region is
deleted and the 5′UTR and 3′UTR are fused. In drICE17, Asn116 in
the large subunit is substituted with Tyr. We used dcp-1prev1
(Laundrie et al., 2003) as the dcp-1 mutant. dcp-1prev1 is a loss-of
function mutation, in which a 40 bp fragment of P-element se-
quence remains in a dcp-1 exon, leading to a frameshift that makes
an inappropriate stop codon. We constructed a dcp-1prev1; drICEΔ1/
TM3-Ser-GFP double mutant strain. To induce ectopic expression
in speciﬁc cell types, we used C155 elav-GAL4 (Lin and Goodman,
1994), M1B repo-GAL4 (Sepp et al., 2001), UAS-p35 BH1 and UAS-
p35 BH2 (Bloomington Drosophila Stock Center). To induce ex-
pression in a drICEΔ1 mutant background, we constructed elav-
GAL4; drICEΔ1/TM3-Ser-GFP, drICEΔ1repo-GAL4/TM3-Ser-GFP and
UAS-p35; drICEΔ1/TM3-Ser-GFP. To induce p35 expression in a dcp-
1prev1 mutant background, we constructed elav-GAL4; dcp-1prev1,
dcp-1prev1; repo-GAL4/TM3-Ser-GFP and dcp-1prev1; UAS-p35. To
knockdown drICE, UAS-drICE IR (HMS00398 NIG-FLY) was used. To
identify types of dying cells UAS-Apoliner (Bardet et al., 2008) was
used. Flies were reared on a standard cornmeal-yeast medium at
25 °C under 12 h/12 h light/dark photoperiod conditions.
2.2. Detection of dying cells
Dying cells were detected by terminal deoxynucleotide trans-
ferase dUTP nick end labeling (TUNEL), which is the most reliable
method for detecting DNA fragmentation, which is associated with
apoptosis. A modiﬁed version of the method described by Kimura
(1995) was used. Brieﬂy, brains were excised, washed in phos-
phate-buffered saline (PBS), ﬁxed in 4% formaldehyde for 20 min,
washed with PBS containing 0.3% Triton-X (PBS-Tx), and stored in
methanol at 20 °C for at least one night. The brains were then
washed with PBS-Tx, treated with10 mg/ml Proteinase K (Wako
Pure Chemical Industries, Osaka, Japan) for 10 min at roomtemperature, and ﬁxed again in 4% formaldehyde for 10 min. The
brains were subsequently washed with PBS-Tx, pretreated in
terminal deoxynucleotidyl transferase (TdT) buffer, and incubated
overnight at 37 °C in TdT reaction solution (Takara Bio, Otsu, Japan)
with biotin-16-dUTP (Roche Diagnostics, Mannheim, Germany).
The brains were next washed with PBS-Tx and incubated in ABC
reaction solution (Vector Laboratories, Burlingame, CA, USA) for
1 h at room temperature. After washing with PBS-Tx, the brains
were stained using a standard brown horseradish peroxidase re-
action with 3,3′-diaminobenzidine and hydrogen peroxide. Dying
cells appeared dark brown. After the reaction, the brains were
washed with distilled water, dehydrated in a series of ethanol
solutions of increasing concentration, cleared with methyl
benzoate, and embedded in Canada Balsam: methyl benzoate 3:1
(v:v) on a glass slide. The specimens were inspected with bright-
ﬁeld microscopy (Optiphot, Nikon, Tokyo, Japan).
2.3. Analysis of the number and spatial distribution of dying cells
We used a light microscope, a 40 objective lens, and a digital
camera (TS-CA series, Sugitoh Co., Ltd., Tokyo, Japan) to acquire
images of dying cells; we then digitally enlarged these images to
1000 on a monitor. While we gradually shifted the focus, each
signal larger than 0.7 μm in diameter was marked as a dying cell
with a dot on a transparency afﬁxed to the monitor. We used
images from the anterior view to count the number of dying cells.
The images on the transparencies were captured digitally with a
scanner and the number of dots was counted using the particle
counter module of the NIH image-j software package. To de-
termine the spatial distribution of dying cells, we obtained images
of 1 μm-thick serial optical section from a dorsal view. An optical
microscope (BX50, Olympus, Tokyo, Japan), a digital camera (DP72,
Olympus, Tokyo, Japan) and Metamorph software (MDS Analytical
Technologies, Sunnyvale, CA, USA) were used for this imaging. We
identiﬁed dying cell clusters according to Togane et al. (2012) and
Hara et al. (2013) (Table 1). To present the pattern of dying cells as
a schematic drawing, we selected a typical single image from
optical sections in which all of the neuropils and dying cell clusters
were well deﬁned, and hand-copied the outline of the structures
and dying cells using Illustrator (Adobe, San Jose, CA, USA).
2.4. Analysis of cell types of dying cell in each cluster
Types of dying cells, neurons, glia or other cells, were
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of p35 speciﬁcally in neurons or glia and examining the distribu-
tion of remaining dying cells in each cluster. P35 is a baculoviral
suppressor of cell death and inhibits activation of drICE, dcp-1 and
decay in Drosophila (Hay et al., 1994; Song et al., 1997; Xu et al.,
2001; Lannan et al., 2007). Using the GAL4/UAS system (Brand and
Perrimon, 1993), p35 was expressed speciﬁcally in neurons
(elav4p35) or glia (repo4p35). As described in Togane et al.
(2012) and Hara et al. (2013), elav-GAL4 expresses in all neurons
and neuronal precursor cells, and repo-GAL4 expresses in all glia
with an exception. The exception is glia in a small region in the
lateral side of the medulla cortex along the anterior boundary of
the medulla neuropil. Glia in this region express GAL4 in elav-
GAL4 but not in repo-GAL4 at 0 h APF to 24 h APF. However, there
were no dying cell clusters in this region.
When the number of TUNEL-positive cells in a cluster de-
creased in elav4p35 in comparison to wild type, we decided that
the cluster included neurons. When the number of TUNEL-positive
cells decreased in repo4p35 in comparison to wild type, we
decided that the cluster included glia. When the number of TU-
NEL-positive cells decreased both in elav4p35 and in repo4p35
we decided that the cluster included neurons and glia. When the
number of TUNEL-positive cells decreased in elav4p35 but sig-
niﬁcant number of TUNEL-positive cells still remained, and de-
crease of TUNEL-positive cells could not be detected in repo4p35,
we decided that the cluster included neurons and other cells.
When decrease in the number of TUNEL-positive cells could not be
detected either in elav4p35 or in repo4p35, we decided the
cluster included unidentiﬁed cells.
2.5. Lysotracker and antibody staining
Brains were excised, washed in PBS, treated with 0.02% lyso-
tracker in PBS (v/v) (Lysotracker Red DND-99, Invitrogen/Mole-
cular Probes, Tokyo, Japan) for 30 min, washed with PBS, ﬁxed in
4% formaldehyde for 20 min, and washed with PBS-Tx (0.3% Tri-
ton-X 100 in PBS (v/v)) for 30 min. The samples were then in-
cubated for 30 min in PBS-Tx containing a blocking agent (5%
normal goat serum). Samples were then incubated overnight at
4 °C in PBS-Tx containing primary antibodies anti-Repo (8D12,
Alfonso and Jones, 2002) (1:20) and anti-DE-cadherin (DCAD2,
Oda et al., 1994) (1:20). Samples were washed in PBS-Tx for 1 h
and then incubated in PBS-Tx containing 5% normal goat serum for
30 min and ﬁnally in PBS-Tx containing secondary antibodies for
5 h at 25 °C. The secondary antibodies were anti-mouse IgG Texas
Red (ROCKLAND, Gilbertsville, PA, USA) (1:100) and anti-rat IgG
Cy5 (Biological Detection Systems, Pittsburgh, PA, USA) (1:100).
After washing for 1 h, the antibody-labeled samples were moun-
ted in 80% glycerol (for ﬂuorescence microscope, MERCK, Darm-
stadt, Germany). All images were obtained with a LSM 710 mi-
croscope (Carl Zeiss, Oberkochen, Germany). Images were pro-
cessed using Zen 2009 light edition (Carl Zeiss, Oberkochen, Ger-
many) and Photoshop (Adobe, San Jose, CA, USA).
2.6. Analysis of the quantity of drICE mRNA by qPCR
Proboscises were removed from 0 day adult heads, and RNA
was extracted from the heads with TRIzol LS Reagent (life tech-
nologies Japan, Tokyo, Japan) and illustra RNAspin Mini RNA Iso-
lation Kit (GE Healthcare, Buckinghamshire, UK). cDNA was syn-
thesized with PrimeScript RT regent Kit with gDNA Eraser (Takara
Bio, Otsu, Japan). qPCR was performed with GoTaq qPCR Master
Mix (Promega, Madison, USA) and Thermal Cycler Dice Real Time
System II (Takara Bio, Otsu, Japan). Primers for drICE were
ACTGCCAACAACGGTCTTACA and AGCTTGGATGCACGACTTGG, and
those for Actin 42A were CACCGCGTGCAGTTTTTCCT andCCACGTTTGCTCTGTGCCTC. The relative quantity of drICE mRNA
was calculated with the amount of Actin 42A mRNA as a reference.3. Results
3.1. Optic lobe cell death is caspase-dependent and TUNEL-positive
cells are neurons
To uncover the role of effector caspases in optic lobe cell death,
we inhibited cell death in glia or neurons using the GAL4/UAS
system (Brand and Perrimon, 1993), and then asked if the total
number of TUNEL-positive cells in the optic lobe and the pattern of
TUNEL-positive cells in each cluster were changed (Fig.1 (A) and
(B)).
When effector caspases were inhibited via ectopic expression
of p35 in neurons (elav4p35), the number of TUNEL-positive cells
in the optic lobe decreased from 0 h APF (after puparium forma-
tion) till 48 h APF. However, when effector caspases were inhibited
via ectopic expression of p35 in glia (repo4p35), the number of
TUNEL-positive cells did not decrease in the optic lobe (Fig. 1(A)).
Next, we determined types of TUNEL-positive cells, neurons,
glia or other cells, in each cluster by examining the distribution of
TUNEL-positive cells in the optic lobes (Fig. 1 B). The results are
summarized in Fig. S2. LMBD, MCLD, MCD, MAMD, MPLD and
LopD included neurons. MCMD included neurons and a few other
cells. LPD included glia. LUD and PMD included neurons and glia.
PMCD included neurons and other cells. LAD included unidentiﬁed
cells at 0 h APF and neurons at 12 h APF and 24 h APF. TCD in-
cluded neurons and other cells at 0 h APF and 12 h APF, and
neurons at 24 h APF. MALD included unidentiﬁed cells.
We conﬁrmed the above result using another method, Apoliner
(Bardet et al., 2008). Apoliner is a fusion protein of mRFP and eGFP
that are linked by a caspase sensitive site. Upon caspase activation,
the molecule is cleaved, and eGFP translocates to the nucleus,
leaving mRFP at the cell membrane. Soon, eGFP signals disappear
due to nuclear degradation. Thus, the cell membrane of living cells
was labeled in yellow (mRFP and eGFP), that of dead cells red
(mRFP), and the nucleus of dying cells green (eGFP). We can detect
dead cells as red signals. When Apoliner was driven by elav-GAL4,
red signals distributed basically at the same regions as those of the
TUNEL-positive cell clusters at 24 h APF and 48 h APF (Fig. 1(C)). In
contrast, only a few signals were observed when Apoliner was
driven by repo-GAL4. The same results were obtained in 12 h APF
and 36 h APF (data not shown). These results conﬁrmed in a more
direct way the above results that most TUNEL-positive cells in the
clusters are neurons and only a few TUNEL-positive cells are glia.
Thus, cell death in the optic lobe, which occurs in an increasing
number of cells after puparium formation in wild type, is mostly
attributable to apoptosis that requires effector caspases. Moreover,
most of the TUNEL-positive cells are neurons, although some are
glia.
3.2. drICE and dcp-1 are major caspases and function redundantly
In the next study, we examined which effector caspases were
required for the optic lobe cell death using strains mutant for drICE
and dcp-1.
Many TUNEL-positive cells were observed in the optic lobes of
drICEΔ1 mutant ﬂies. However, the change over time in the num-
ber of TUNEL-positive cells in the optic lobe was greatly different
in drICEΔ1 mutant ﬂies as compared with wild type (Fig. 2(A)). As
in wild type, the average number in mutant optic lobes rapidly
increased after the puparium formation, but the peak of the
number of TUNEL-positive cells delayed to 36 h APF, and was 1386,
far greater (125%) than that of wild type. Though the number
Fig. 1. Caspase requirement and types of dying cells in wild type optic. lobe. (A) Caspase requirement for cell death in whole optic lobe Effector caspases were suppressed
speciﬁcally in neurons (elav4p35) and glia (repo4p35), and the number of TUNEL-positive cells was counted. wt: wild type (Canton S). elav4p35: C155 elav-GAL4/þ or Y;
UAS-p35 BH1/þ . repo4p35: M1B repo-GAL4/UAS-p35 BH1 (B) Types of TUNEL-positive cells in each cluster. Effector caspases were suppressed speciﬁcally in neurons
(elav4p35) and glia (repo4p35), and distribution of TUNEL-positive cells were analyzed. All images were obtained from a single optical section from a dorsal view of each
TUNEL-stained optic lobe. (A1–A4) Wild type; (B1–B4), elav4p35; (C1–C4) repo4p35. (D1–D4) Schematic diagrams that summarize the types of dying cells, i.e., neuronal or
glial, in each cluster. Light blue, clusters that include neurons and a few other cells; yellow, clusters that include glia; pink, clusters that include neurons and glia, neurons and
other cells; green, new dying cells that emerged under repo4p35. Scale bars: 50 mm. (C) Identiﬁcation of types of dying cells using Apoliner. Apoliner was expressed
speciﬁcally in neurons and glia, and distribution of red signals was analyzed. Cell membrane was labeled yellow (mRFP and eGFP) (living cells) or red (mRFP) (dead cells).
Nuclei of dying cells were labeled green (eGFP). Large arrow, remnant of OOA; small arrow, remnant of IOA. LUD that would have lain near the tip of OOA was not labeled
yellow or red. IOA was labeled red more intensely than expected by TUNEL stain. As a few green signals (arrow head) were observed in MCMD and other regions upon
repo4Apoliner, "other cells" observed in that region in TUNEL stain wt elav4p35 were dying glia.
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Fig. 2. Number of TUNEL-positive cells in optic lobes from caspase mutant animals.
(A) drICEΔ1, dcp-1prev1, dcp-1prev1; drICEΔ1. No count is available for 60 h APF and
72 h APF in dcp-1prev1; drICEΔ1 due to lethality. (B) drICE17, dcp-1prev1; drICE17.
H. Akagawa et al. / Developmental Biology 404 (2015) 61–75 65decreased after 36 h APF, many TUNEL-positive cells were ob-
served through late pupal stages.
In dcp-1prev1 mutant optic lobes, the average number of TUNEL-
positive cells increased at almost the same rate as in wild type,
reaching a peak of 1084 at 24 h APF (Fig. 2(A)). However, the de-
crease that followed was slower, with the average number of
TUNEL-positive cells reaching 313 at 48 h APF. The average num-
ber of TUNEL-positive cells was almost the same as in wild type at
72 h APF
Next, we analyzed the number of TUNEL-positive cells in dcp-
1prev1; drICEΔ1 double mutant ﬂies. The average numbers were
greatly smaller than in wild type (Fig. 2(A)).
There were no signiﬁcant differences in the average number of
TUNEL-positive cells in heterozygotes and double heterozygotes of
dcp-1prev1 and drICEΔ1 as compared to wild type (data not shown).
Altogether, most TUNEL-positive cells normally observed in the
optic lobe were absent in dcp-1prev1; drICEΔ1 double-mutant ani-
mals but a number of TUNEL-positive cells were observed in both
drICEΔ1 and dcp-1prev1 single-mutant animals. Therefore, the major
caspases that function in optic lobe cell death are drICE and dcp-1,
and that drICE and dcp-1 function redundantly. However, the two
genes had some differences in function. Unlike wild type, many
TUNEL-positive cells were observed through late pupal stages in
drICEΔ1 mutant optic lobes but not in dcp-1prev1 mutant optic
lobes. This might suggest that drICEΔ1 mutants have some defect in
corpse clearance. In addition, there were a few TUNEL-positive
cells that did not require either drICE or dcp-1, suggesting that cell
death in these cells is carried out by effector caspases other thandrICE and dcp-1 or in a caspase-independent manner.
3.3. Dying cells in some clusters require drICE, but not dcp-1
Next, we examined effector caspase-requirement for each
clusters by examining distribution of TUNEL-positive cells in drICE
and dcp-1 mutant optic lobes (Fig. 5). The results were summar-
ized in Fig. S1.
In drICEΔ1 mutants, the distribution of TUNEL-positive cells was
quite different from that in wild type (Figs. 3 and 5A1–F1, A2–F2).
In LAD and MALD, TUNEL-positive cells were not observed at any
stage in drICEΔ1 mutant animals (Figs. 3A–F, G1–G2, H1–H2, I1–I2,
J1–J2 and 5A2–F2) in contrast to wild type. In LUD, the number of
TUNEL-positive cells in the mutant was signiﬁcantly smaller than
in wild type at 24 h APF (Figs. 3C, I1–I2 and 5C2). In LPD and LopD,
TUNEL-positive cells started to be observed later than in wild type,
and were observed until late pupal stages (Figs. 3B–F, H1–H2, L1–
L2 and 5B2–F2). In TCD, LMBD, MCMD, MPLD and PMD, TUNEL-
positive cells started to be observed at the same stage as in wild
type, and disappeared later than in wild type or continued to be
observed to later stages (Figs. 3A–F, L1–L2 and 5A2–F2). In MCD,
MAMD, PMCD and MCLD, cell death occurs nearly normally in the
absence of drICE (Figs. 3A, B and 5A2, B2) (Figs. 1(B) A1 and 5A1,
B1).
In dcp-1prev1 mutant ﬂies, TUNEL-positive cells in each cluster
were distributed nearly normally at 0 h APF to 36 h APF. However,
at 48 h APF, some TUNEL-positive cells were observed in LPD,
LMBD, MCMD, LopD and PMD (n¼11/11) (Figs. 4E, 5E3), whereas
they were no longer detectable in wild type at this stage (Fig. 1
(B) A3). At 72 h APF, as in wild type (Fig. 1(B) A4), no TUNEL-po-
sitive cells were detected except in LopD where a few TUNEL-
positive cells were distributed in a band along the boundary with
T/C region (n¼9/10) (Figs. 4F and 5F3),
In dcp-1prev1; drICEΔ1 double mutant optic lobes, no or almost
no TUNEL-positive cells were observed in most clusters (Figs. 4G–
K, 5A4–E4). However, only a few TUNEL-positive cells were de-
tected at some stages in MCMD and PMD.
Altogether, caspase requirement is different among different
dying cell clusters and dying cell clusters can be classiﬁed into
three types based on the requirement for effector caspases. The
ﬁrst type includes the clusters LAD and MALD. There were no
TUNEL-positive cells in these clusters in drICEΔ1 mutant optic lobes
but cell death occurred normally in dcp-1prev1 mutant optic lobes.
This suggests that it is drICE that is required for cell death in these
clusters. The second type includes the clusters LPD, LMBD, MCLD,
MCD, MAMD, MCMD, MPLD, TCD, PMCD, LopD and PMD. Many
TUNEL-positive cells were observed in these clusters in both
drICEΔ1 and dcp-1prev1 single-mutant animals, but are absent in
dcp-1prev1; drICEΔ1 double-mutant animals. Therefore, most TU-
NEL-positive cells in these clusters require either drICE or dcp-1 for
cell death, and either activity alone is sufﬁcient. The third type
includes LUD. The number of TUNEL-positive cells in this cluster in
drICEΔ1 mutant optic lobes was signiﬁcantly lower than wild type
but cell death occurred normally in dcp-1prev1 mutant optic lobes.
TUNEL-positive cells were absent in this cluster in dcp-1prev1;
drICEΔ1 double-mutant animals. Therefore, some cells in this
cluster require drICE for cell death but other cells require either
drICE or dcp-1. In addition, a few TUNEL-positive cells in PMD and
MCMD do not require either drICE or dcp-1.
Moreover, many TUNEL-positive cells that were observed at
late stages in drICEΔ1 mutant optic lobes belong to LPD, LMBD,
MCMD, MPLD, TCD, LopD and PMD, and that some TUNEL-positive
cells that were observed in dcp-1prev1 mutant optic lobes at 48 h
APF belong to LPD, LMBD, MCMD, MPLD, LopD and PMD.
Fig. 3. Dying cell clusters in optic lobes from drICEΔ1 mutant ﬂies. All images except (J1) and (J2) were obtained from dorsal view sections of TUNEL-stained optic lobes. The
number of samples at each time point was 5–11. The distribution of TUNEL-positive cells was nearly the same among samples at the same developmental stage. (A) 0 h APF;
(B) 12 h APF; (C) 24 h APF; (D) 36 h APF; (E) 48 h APF; (F) 72 APF. (G1) A region in the wild type that corresponds to (G2). (G2) An enlarged view of the region framed by a
blue square in (A). The dying cell cluster LAD was detected at 0 h APF in wild type (wt) (white solid line circle in G1) but not in drICEΔ1 optic lobes (white solid line circle in
(G2)). (H1) A region in wild type that corresponds to (H2). (H2) An enlarged view of the region framed by a blue square in (B). The dying cell clusters LAD (white solid line
circle), MALD (white dotted line circle), LPD (white dashed line circle) were detected at 12 h APF in wild type (wt) (H1) but not in drICEΔ1 optic lobes (H2). (I1) A region in
wild type that corresponds to (I2). (I2) An enlarged view of the region framed by a blue square in (C). LAD (white solid line circle) and LUD (white dotted line circle) were
detected at 24 h APF in wild type (wt) (I1) but no LAD and LUD with few dead cells were detected in drICEΔ1 optic lobes (I2). (J1–J2) Images of a TUNEL-stained optic lobe
from a posterior view at 24 h APF. (J1) Wild type (wt); (J2) drICEΔ1. LAD (blue dotted line circle) was detected in wild type (J1) but not in the drICEΔ1 mutant optic lobes (blue
dotted line circle) (J2). (K1) A region in wild type that corresponds to (K2). (K2) An enlarged view of the region framed by a blue square in (D). MPLD (white solid line circle)
was present near the surface of the optic lobe in wild type (K1) but in an interior region in drICEΔ1 mutant optic lobes (K2). (L1) A region in wild type that corresponds to (L2).
(L2) An enlarged view of the region framed by a blue square in (E). There were few dying cells in MPLD (white solid line circle), LopD (white dashed line circle) and LMBD
(white dotted line circle) at 48 h APF in wild type (L1), but in contrast, many dead cells in the same regions in drICEΔ1 mutant optic lobes (L2). Scale bars: A–F, J1–J2, 50 mm;
G1–G2, H1–H2, I1–I2, K1–K2, L1–L2, 30 mm.
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Fig. 4. Dying cell clusters in optic lobes from dcp-1prev1 and dcp-1prev1; drICEΔ1 mutant ﬂies. (A–F) Dying cell clusters in optic lobes from dcp-1prev1 mutant ﬂies. All images
were obtained from single sections from a dorsal view of TUNEL-stained optic lobes. The number of samples at each time point was 5–11. (A) 0 h APF; (B) 12 h APF; (C) 24 h
APF; (D) 36 h APF; (E) 48 h APF; (F) 72 APF. (G–L) Dying cell clusters in optic lobes from dcp-1prev1; drICEΔ1 mutant ﬂies. All images were obtained from single sections from a
dorsal view of TUNEL-stained optic lobes. The number of samples at each time point was between 6 and 10. The distribution of TUNEL-positive cells was nearly the same
among samples at the same developmental stage. (G) 0 h APF; (H) 12 h APF; (I) 24 h APF; (J) 36 h APF; (K) 48 h APF. (L) An enlarged view of the region indicated by a blue
square in (K). There were many dying cells in the enlarged PMD region (white dotted circle). Scale bars: A–K, 50 mm; L, 20 mm.
H. Akagawa et al. / Developmental Biology 404 (2015) 61–75 673.4. drICE17 has lower activity to bring about cell death
The drICE17 mutant allele is a single nucleotide substitution in
which Asn116 is replaced with Tyr (Xu et al., 2006). drICE17 en-
codes for an unstable protein and 0.5% of the wild-type levels of
DrICE protein were detectable in immunoblots of drICE17 mutant
embryos (Xu et al., 2006). In this mutant background, the number
of TUNEL-positive cells in the developing compound eye at 26 h
APF was decreased and a surplus of interommatidial cells wasobserved at 42 h APF. Here, we analyzed the effects of this muta-
tion on optic lobe cell death in order to conﬁrm the role of effector
caspases using another mutant allele.
First, we examined changes in the number of TUNEL-positive
cells in the optic lobe as a whole (Fig. 2(B)). In the drICE17 mutant
background, the number of TUNEL-positive cells at 24 h APF was
far greater (196%) than in wild type, and many were observed until
late pupal stages at which most TUNEL-positive cells have dis-
appeared in wild type. Moreover, the peak number of TUNEL-
Fig. 5. Schematic diagrams of dying cell clusters in effector caspase mutant ﬂies. Each diagram was drawn based on a single typical optical section from a dorsal view of a
TUNEL-stained optic lobe. (A1–F1) Wild type; (A2–F2) drICEΔ1; (A3–F3) dcp-1prev1; (A4–E4) dcp-1prev1; drICEΔ1. The diagram for 72 h APF in dcp-1prev1; drICEΔ1 was not drawn
due to lethality. Lf: lamina furrow. Coloring shows the region of each cluster in which TUNEL-positive cells distribute in different samples.
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Fig. 6. Dying cell clusters in optic lobes from drICE17 and dcp-1prev1; drICE17 mutant ﬂies. All images were obtained from single sections from a dorsal view of TUNEL-stained
optic lobes. The number of samples at each time point was ﬁve to six in experiments using drICE17 single mutant animals, and four and eight in experiments using dcp-1prev1;
drICE17 double mutant animals. The distribution of TUNEL-positive cells was nearly the same among samples at the same developmental stage in each mutant. (A1–F1) The
drICE17 mutant; (A2–F2) the dcp-1prev1; drICE17 mutant; (G1) an enlarged view of the blue framed square in (B1). There were many dying cells in the MCLD (dashed line circle)
and MALD (solid line circle) regions at 12 h APF in drICE17 mutant tissue. (G2) An enlarged view of the blue framed square in (B2). There were no dying cells at 12 h APF in the
dcp-1prev1; drICE17 mutant optic lobes in regions corresponding to MCLD and MALD. (H1) An enlarged view of the blue framed square in (C1). There were many dying cells in
the MCLD (dashed line circle), LAD (solid line circle), LUD (dotted line circle) and LPD (long dashed dotted line circle) regions at 24 h APF in drICE17 mutant optic lobes. (H2)
An enlarged view of the blue framed square in (C2). There were a few dying cells in the MCLD region, and no dying cells in the LAD, LUD and LPD regions at 24 h APF in dcp-
1prev1; drICE17 mutant optic lobes. Scale bars: A1–F1, A2–F2, 50 mm; G1–G2, H1–H2, 20 mm.
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were larger in drICE17 mutant animals as compared with drICEΔ1
mutant animals (Fig. 2(A)).
In the dcp-1prev1; drICE17 mutant, the average number of TU-
NEL-positive cells at 24 h APF was much greater (10-fold) than in
the dcp-1prev1; drICEΔ1 mutant (Fig. 2(B)). This suggests that
drICE17 can bring about cell death. However, its activity appears to
be lower than that of wild type drICE, as the average number of
TUNEL-positive cells in the dcp-1prev1; drICE17 mutant at 24 h APF
was lower (67.6%) than what is observed in the dcp-1prev1 mutant,
which has wild type drICE activity (Fig. 2(A)).
Next, we examined the distribution of TUNEL-positive cells in
each cluster in optic lobes from drICE17single mutant animals and
dcp-1prev1; drICE17 double mutant animals (Fig. 6). Fig. S1 sum-
marizes the results. For LAD in drICE17 mutant, there were no
TUNEL-positive cells at 0 h APF or 12 h APF (Fig. 6A1–B1), but
many TUNEL-positive cells had accumulated by 24 h APF (Fig. 6C1,H1) as in wild type, and were still observed till 72 h APF (Fig. 6D1–
F1). In the dcp-1prev1; drICE17 double mutant, LAD were not present
at any stages (Fig. 6A2–C2, H1–H2). These results suggest that the
function of drICE17 is reduced relative to wild type drICE and that
both drICE17 and dcp-1 cooperatively function for cell death in LAD
in the drICE17 mutant background. In the other clusters TUNEL-
positive cells were observed, and in some of them many TUNEL
positive cells were detectable through late pupal stages (Fig. 6C1–
F1). In the dcp-1prev1; drICE17 double mutant optic lobes, TUNEL-
positive cells were not detected in MALD, LUD, MAMD and LPD
(Fig.6 A2–F2, G1–G2, H1–H2), but detected in other clusters
(Fig. 6A2–F2, H1–H2).
Altogether, more TUNEL-positive cells were observed at 24 h
APF in drICE17 mutants than in wild type and drICEΔ1 mutants, and
many TUNEL-positive cells were observed through later stages.
However, the number of TUNEL-positive cells in dcp-1prev1; drICE17
mutants was far smaller than that in dcp-1 mutants, which have
Fig. 7. Types of dying cells in optic lobes from drICEΔ1 and dcp-1prev1 mutant ﬂies. All images were obtained from single sections from a dorsal view of TUNEL-stained optic
lobes. The number of samples at each time point was seven to nine in drICEΔ1elav4p35, ﬁve to six in drICEΔ1repo4p35, ﬁve to eight in dcp-1prev1elav4p35, four to ten in
dcp-1prev1repo4p35. The distribution of TUNEL-positive cells was nearly the same among samples at the same developmental stage. (A1–D3) Effector caspases were
suppressed via ectopic expression of p35 speciﬁcally in neurons or glia in drICEΔ1 mutant animals. (A1–D1) elav-GAL4/þ or Y; UAS-p35/þ; drICEΔ1/drICEΔ1 (drICEΔ1elav4p35).
(A2–D2) UAS-p35; drICEΔ1repo-GAL4/drICEΔ1 (drICEΔ1repo4p35). (A3–D3) Schematic diagrams of the types of cells in each dying cell cluster in drICEΔ1 mutant animals. (E1–
H3) Effector caspases were suppressed via ectopic expression of p35 speciﬁcally in neurons or glia in dcp-1prev1 mutant animals. (E1–H1) elav-GAL4/þor Y; dcp-1prev1; UAS-
p35/þ(dcp-1prev1elav4p35). (E2–H2) dcp-1prev1; repo-GAL4/UAS-p35 (dcp-1prev1repo4p35). E3–H3, schematic diagrams of the types of cells in each dying cell cluster in dcp-
1prev1 mutant animals. Light blue, clusters that include neurons; yellow, cluster that include glia; pink, dying cells that include neurons and glia, neurons and other cells, or
unidentiﬁed cells; orange, clusters that include newly emerging cells under elav4p35. Scale bars: A1–D1, A2–D2, E1–H1, E2–H2, 50 mm.
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Fig. 8. Phagocytotic activity detected by lysotracker staining in optic lobes from drICEΔ1 and dcp-1prev1 mutant animals. All images were obtained from single optical sections
from a dorsal view. The number of samples at each time point was six to eight in experiments using drICEΔ1 mutant animals, and between four and eight in experiments
using dcp-1prev mutant animals. The distribution of TUNEL-positive cells was nearly the same among samples at the same developmental stage in each mutant. Red,
lysotracker; blue, anti-N-cadherin; yellow, anti-Repo. (A1–F1) Wild type; (A2–F2) drICEΔ1; (A3–F3) dcp-1prev1. (G1) An enlarged view of the region indicated by a white square
in (C1). (G2) An enlarged view of the region indicated by a white square in (C2). Signals were detected in the LAD (solid line circle), MCLD (arrow head) and LUD (dashed line
circle) regions in wild type at 24 h APF (G1), but not in corresponding regions in the drICEΔ1 mutant animals (G2). (H1) An enlarged view of the region indicated by a white
square in (D1). (H2) An enlarged view of the region indicated by a white square in (D2). Signals were detected in the LMBD (solid line circle), MPLD (dashed line circle) and
LopD (arrowhead) regions in wild type at 36 h APF (H1). However, no or weak signals were detected in the corresponding regions in optic lobes from drICEΔ1mutant ﬂies
(H2). (I1) an enlarged view of the region framed by a white square in (E1). (I2) An enlarged view of the region framed by a white square in (E2). an increased level of signal
was detected in the MPLD (dashed line circle) region in wild type at 36 h APF (I1), but only a small amount of signal was detected in the corresponding regions in drICEΔ1
mutant tissue (I2). Scale bars: A1–F1, A2–F2, A3–F3, 50 mm; G1–G2, H1–H2, I1–I2, 20 mm.
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H. Akagawa et al. / Developmental Biology 404 (2015) 61–7572wild-type drICE. This fact means that drICE17 is hypomorph; thus
drICE17has a weaker function of carrying out cell death than wild
type drICE. Moreover, as many TUNEL-positive cells were observed
through late pupal stages as in drICEΔ1 mutant optic lobes, it might
be suggested that drICE17 mutants also have some defect in corpse
clearance.
3.5. Neurons require either drICE or dcp-1 for cell death in many
clusters but only drICE in a few clusters
To examine if there is a difference in caspases required for cell
death between neurons and glia, we determined types of TUNEL-
positive cells, neurons or glia, in effector caspase mutant optic
lobes by inhibiting effector caspases via ectopic expression of p35
speciﬁcally in neurons (elav4p35) or glia (repo4p35) (Fig. 7). The
results are summarized in Fig. S2.
In drICEΔ1 mutant animals, LUD, LMBD, MCLD, MCD, MAMD,
MCMD, MPLD, TCD, PMCD, LopD and PMD included neurons
(Fig. 7A1–D3). LPD included neuons and glia.
In dcp-1prev1 mutant optic lobes, LAD, MALD, LUD, LMBD, MCLD,
MCD, MAMD, MCMD, MPLD and LopD included neurons (Fig. 7E1–
H3). PMD included neurons and glia. LPD included glia at 24 h APF
and neurons and glia at 48 h APF. PMCD included neurons and
other cells. TCD included neurons and other cells at 0 h APF and
neurons at 24 h APF.
Comparing cell types of each cluster in wild type, drICEΔ1 and
dcp-1prev1 mutants, caspase requirement for cell death in neurons
and glia in each cluster was determined (Fig. S2). Neurons in LUD,
LMBD, MCD, MAMD, MCMD, MPLD, TCD, PMCD, LopD and PMD
require either drICE or dcp-1, and each is sufﬁcient for cell death.
Neurons in LAD and MALD require only drICE for cell death. In
contrast, glia in LPD require either drICE or dcp-1, and each is
sufﬁcient for cell death. Glia in PMD require only drICE. In contrast,
glia in LUD require both drICE and dcp-1.
Another remarkable ﬁnding is that neuronal TUNEL-positive
cells were observed in LPD in drICEΔ1 mutants after 24 h APF and
in dcp-1 mutants at 48 h APF though there were no such cells in
wild type.
3.6. drICE mutant optic lobes are defective in corpse clearance
In previous studies TUNEL-positive cells were observed until
later pupal stages in the drICEΔ1 and drICE17 mutants than in wild
type (Fig. 2(A) and (B)). In dcp-1prev1 mutant optic lobes, the
number of TUNEL-positive cells decreased after the peak a little
more slowly than in wild type. A defect in cell corpse clearance is a
possible explanation for the TUNEL-positive cells observed in
these mutants at late pupal stages. To test the explanation, we
used Lysotracker staining as an indicator of corpse clearance
(Watts et al., 2004; Ziegenfuss et al., 2012; Ozge et al., 2014)
(Fig. 8). The results were summarized in Fig. S4.
In wild type, Lysotracker signals were detected in dying cell
cluster regions, and the place and extent of signal accumulation
corresponded to that of the accumulation of TUNEL-positive cells
in all regions of clusters at all stages except for LPD at 12 h APF and
24 h APF, and PMD at 36 h APF (Fig. 8A1–E1). These data are
consistent with an idea that corpse clearance is actively carried out
in dying cell cluster regions in the developing optic lobe. No ac-
tivity was detected elsewhere.
In optic lobes from drICEΔ1 mutant ﬂies, Lysotracker signals
were detected normally in MCMD from 12 h APF to 36 h APF
(Fig. 8B2–D2). However, no signal was detected in LUD and LPD at
24 h APF, PMD at 36 h APF, MAMD at 0 h APF even though TUNEL-
positive cells were present (n¼6/6) (Fig. 8C2, D2, A2). Weaker
signals were detected than in wild type in the other clusters
(Fig. 8A2–B2). Moreover, no signal was detected in regions wheremany TUNEL-positive cells were observed in the drICEΔ1 mutant,
but not in wild type, in late stages at 48 h APF and 72 h APF.
In drICE17 mutant ﬂies no Lysotracker signal was observed from
0 h APF through 72 h APF in the LAD, LPD, LUD region (Figs. S3 and
S4), though many TUNEL-positive cells were present in these re-
gions at 24 h APF. In the other regions, signals were normal or
weak at early stages. In late stages at 48 h APF and 72 h APF (Fig.
S3E, F), there was no Lysotracker signal in many cluster regions,
though many TUNEL-positive cells were observed in these regions.
From these data we conclude that there is a defect in corpse
clearance in optic lobes from drICEΔ1 and drICE17 mutant ﬂies. This
suggests that drICE plays an important role in activating copse
clearance in the optic lobe.
In dcp-1prev1 mutant optic lobes, Lysotracker signals were de-
tected to nearly the same extent as in wild type from 0 h APF till
24 h APF in all regions (Fig. 8A3–C3). However, at 36 h APF, signals
had not accumulated to as high levels as in wild type, though they
were observed in the same regions as in the wild type (n¼5/5)
(Fig. 8D3). At 48 h APF, signals were detected in the LMBD, MCMD,
MPLD and LopD regions, where TUNEL-positive cells were ob-
served at this stage (n¼4/4) (Fig. 8E3). No signal was detected at
72 h APF in any clusters as in wild type (n¼6/6) (Fig. 8F3).
Therefore, nearly the same level of corpse clearance was observed
in dcp-1prev1 mutant optic lobes as in wild type, though there may
be a mild defect in corpse clearance at 36 h APF.
In order to determine whether drICE plays a role for corpse
clearance cell-autonomously, we knocked down drICE by RNAi
speciﬁcally in neurons and glia, and examined the number of dy-
ing cells (Fig. 9(A), (B)). We could decrease the amount of mRNA by
expressing drICE IR (HMS00398 NIG-FLY) in neurons with elav-
GAL4 (Fig. 9(C)). When drICE IR was expressed in neurons, a large
number of TUNEL-positive cells remained at 48 h APF (Fig. 9(A),
(B)). However, when it was expressed in glia, the number of TU-
NEL-positive cells was as small as in wild type. This suggests that
drICE functions in corpse clearance cell-autonomously in neurons.4. Discussion
There have been many studies on cell death in the developing
central nervous system (CNS) (Hofbauer and Campos-Ortega,
1990; Fischbach and Heisenberg, 1981; Fischbach and Technau,
1984; Kimura and Truman, 1990; Klambt et al., 1991; Truman et al.,
1992; Robinow et al., 1993; Awad and Truman, 1997; Nakano et al.,
2001; Novotny et al., 2002; Bello et al., 2003; Lundell et al., 2003;
Miguel-Aliaga and Thor, 2004; Kimura et al., 2005; Choi et al.,
2006; Page and Olofsson, 2008; Rogulja-Ortmann et al., 2008;
Kumar et al., 2009; Winbush and Weeks, 2011). However, only a
few studies have examined the role of effector caspases in neu-
ronal cell death in detail in Drosophila (Lee et al., 2011, 2013)
though effector caspases are the most crucial factors for apoptosis
in the canonical cell death cascade. In vCrz neurons drICE and dcp-
1 cooperatively act to carry out cell death, ensuring the death of all
vCrz neurons in a timely manner (Lee et al., 2011). Cell death of
vCrz neurons was completely blocked in the absence of drICE and
dcp-1 function. However, neither drICE nor dcp-1 was essential. In
bursCCAP neurons drICE acts as an important effector caspase (Lee
et al., 2013), but drICE alone is not sufﬁcient for cell death of
bursCCAP. Many bursCCAP neurons were not eliminated in drICE
mutants though some were eliminated, whereas cell death of
bursCCAP neurons occurred nearly normally in dcp-1 mutant.
These results suggest that drICE and dcp-1 can function re-
dundantly in cell death of these peptidergic neurons, though the
role of drICE is more important than dcp-1.
The present study showed that drICE and dcp-1 are important
effector caspases in the developing optic lobe. Most dying neurons
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Fig. 9. effect of drICE knockdown on corpse clearance. drICE was knocked down
speciﬁcally in neurons (elav4drICE IR) or glia (repo4drICE IR). (A) The number of
TUNEL-positive cells in whole optic lobe. (B) Distribution of TUNEL-positive cells. (a
and c) Minimal intensity projection of images from an anterior view. (b and d)
Single section of images from a dorsal view. (C) The amount of drICE mRNA in
elav4drICE IR ﬂies was decreased in comparison to wild type. Relative quantity of
drICE mRNA in the 0 day adult head was measured by qPCR. Actin 42A mRNA was
used as a reference (Ponton et al. 2011).
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Fig. 10. Models that explain the way of function of effector caspases for cell death
and corpse clearance. (A) drICE and dcp-1 cooperatively function for cell death in
LAD drICE is required but not dcp-1 in wild type. In contrast, both drICE17 and dcp-1
are required in drICE17 mutant animals. (B) An additional function of effector cas-
pases is required for the activation of corpse clearance as well as for carrying out
cell death. More activity of effector caspases is required for corpse clearance than
for cell death. When caspases were partially defected, cell death occurred but dead
cells were not cleared.
H. Akagawa et al. / Developmental Biology 404 (2015) 61–75 73in many clusters required either drICE or dcp-1, such that the genes
appear to function redundantly in these neurons. This is the same
as in vCrz neurons. But there is another type of dying neurons in
the developing optic lobe. Most dying neurons in a few clusters
strictly required drICE as they did not die in drICE mutants.
Our results shed new light on the requirement for effector
caspases. In neurons in LAD and other clusters, the requirement of
dcp-1 is subtle and complicated. dcp-1 was not required when a
normal level of drICE activity was present but was required when
drICE activity was reduced via mutation in drICE17 mutants. These
data suggest that both drICE and dcp-1 function in neurons but the
function does not follow the all-or-none rule but can be on varied
levels in different neurons, so that the requirement of caspases
is variable depending on the condition in which it is tested
(Fig. 10(A)).
There has been no study on the caspase requirement in glia forcell death in Drosophila. The present study suggests that glia has
different caspase requirement for cell death from neurons. Glia
required either drICE or dcp-1 in a cluster, only drICE in another
cluster, and both drICE and dcp-1 in a third cluster. Therefore,
caspase requirement can be different between neurons and glia,
but it is not speciﬁc to types of cell, neurons or glia.
The second remarkable point suggested by the present study is
on the activation of corpse clearance after cell death. As many
TUNEL-positive cells were observed at 36 h APF in drICEΔ1 mu-
tants, and many of them were observed through later stages, we
suggested that drICEΔ1 mutants have a defect in corpse clearance.
However, theoretically, there is another possibility that cell death
is facilitated in these mutants. If this was the case, drICE would be
inhibiting cell death in wild type by suppressing dcp-1, which was
revealed to work for cell death in drICEΔ1 mutants. However, this
conclusion contradicts many previous studies that showed drICE is
a major effector caspase for cell death in Drosophila (Xu et al.,
2009). Therefore, it is unlikely that cell death is facilitated in
drICEΔ1 mutants but drICEΔ1 mutants must have a defect in corpse
clearance. Actually, this idea was supported by the results of Ly-
sotracker staining. In optic lobes from drICEΔ1 mutant ﬂies, Lyso-
tracker signals detected in most cluster regions were at weaker
levels than in wild type at early stages, and a few or no signal was
detected in many regions at late stages after 48 h APF though
many TUNEL-positive cells were observed there. All these results
H. Akagawa et al. / Developmental Biology 404 (2015) 61–7574suggest that corpse clearance is defected in drICEΔ1 mutants and
drICE is required for activation of corpse clearance in dying cells.
That drICE plays an important role in activating corpse clear-
ance in dying cells is also supported by the analyses of drICE17
mutants. As more TUNEL-positive cells were observed at 24 h APF
in drICE17 mutants than in wild type and drICEΔ1 mutants, and
many TUNEL-positive cells were observed through later stages, it
was suggested that drICE17 mutants have a defect in corpse
clearance. However, there is another possibility that drICE17is hy-
permorph; thus cell death is facilitated in the drICE17 mutant.
However, this possibility was denied by the fact that the number
of TUNEL-positive cells in dcp-1prev1; drICE17 mutants was far
smaller than that in dcp-1 mutants, which have wild-type drICE.
This fact means that drICE17is hypomorph; thus drICE17has a
weaker function of carrying out cell death than wild type drICE.
Therefore, the idea that cell death is facilitated in drICE17 mutants
is impossible and drICE17mutants must have a defect in corpse
clearance. Actually, this idea was supported by the results of Ly-
sotracker staining. In drICE17 mutant ﬂies, Lysotracker signals de-
tected in most cluster regions at early stages were at weaker levels
than in wild type, and a few or no signal was detected in many
regions at late stages after 48 h APF though many TUNEL-positive
cells were observed there. In addition, this was also supported by
the fact that the number of TUNEL-positive cells at later stages in
the dcp-1; drICE17 mutant was larger than that in the dcp-1 mu-
tant. Therefore, the analyses of drICE17 also support the idea that
drICE has a function of activating corpse clearance.
As discussed above, corpse clearance was defected in drICEΔ1
and drICE17 mutants and this would be a cause for the increase of
TUNEL-positive cells at later stages in these mutants. However,
this does not exclude a possibility that dead cells accumulated by
failure of clearance induced secondary cell death and these dead
cells also contributed the increase of TUNEL-positive cells ob-
served at later stages.
dcp-1 may have a function of activating corpse clearance. In the
dcp-1 mutant, the number of TUNEL-positive cells at 36 h APF was
a little larger than that of wild type, and following corpse clear-
ance was delayed in the mutant in comparison to that in wild type.
Additionally, Lysotracker signals at 36 h APF and 48 h APF were
weaker in the dcp-1 mutant than those in wild type.
In apoptosis, cell death is followed by corpse clearance. In
Drosophila, the role of effector caspases in the regulation of this
process has not been deﬁned in spite of their importance. The
present study showed that the function of effector caspases for
carrying out cell death and that for activating corpse clearance can
be divided by different combinations of null and hypomorphic
mutations of two effector caspases. In some of the mutants, corpse
clearance was defective even though cell death was carried out.
This means that cell death, even when it is carried out by effector
casapases, does not necessarily activate corpse clearance but an
additional function of effector caspases is required for the activa-
tion of corpse clearance as well as that for carrying out cell death.
As defects in corpse clearance was observed in different combi-
nation of null and hypomorphic mutants of effector caspases,
stronger activity of effector caspases might be required for acti-
vating corpse clearance than that for carrying out cell death
(Fig. 10(B)).
Candidates of eat-me signals that dying cells present to pha-
gocytes have been reported in previous studies (Kuraishi et al.,
2009; Okada et al., 2012; Tung et al., 2013). A Drosophila homolog
of the gene that works for exposure of phosphatidylserine (PS) in
mammals and C. elegance has been reported (Suzuki et al., 2013;
Chen et al., 2013; Stanﬁeld and Horvitz, 2000). Moreover, Shklyar
et al., (2013) suggested that exposure of PS were not sufﬁcient for
living cells to be phagocytosed. Present study would contribute to
elucidation of the mechanisms for activating corpse clearance byeffector caspases.Conﬂict of interest
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